We report the nanocluster-catalyzed growth of ultralong and highly uniform single-crystalline silicon nanowires (SiNWs) with millimeter-scale lengths and aspect ratios up to approximately 100 000. The average SiNW growth rate using disilane (Si 2 H 6 ) at 400°C was 31 µm/min, while the growth rate determined for silane ( 
Semiconducting nanowires (NWs) [1] [2] [3] [4] [5] are attractive building blocks for fabricating functional nanodevices with single device demonstrations reported for field-effect transistors (FETs), 6 memories, 7 light emitting diodes, 8 laser diodes, 9 and biological sensors. 10 More complex device arrays and simple circuits, including logic gates, 11 ring oscillators, 12 and multiplexed biosensors, 13 have been demonstrated by interconnection of multi-NW devices. A complementary approach for device integration would be to employ ultralong NWs with multiple devices on a single NW, assuming that materials with uniform structure and electronic properties could be prepared. Ultralong nanowires could also benefit overall integration by facilitating interconnection of nanoelectronic device arrays, which are defined on single NWs, to larger scale input/output wires in a system.
Previously, millimeter-long SiNWs 14 with a range of structural properties have been produced by high-temperature thermal evaporation of silicon monoxide 14a and silicon 14b powders; however, the electronic properties and nanoelectronic device characteristics have not been reported. The nanocluster-catalyzed vapor-liquid-solid (VLS) growth method is a promising method for the growth of single-crystal NWs with controlled diameter, length, and electronic properties. [1] [2] [3] [4] The kinetics of SiNW VLS growth have been studied recently by several groups. 15, 16 Interestingly, diameterindependent 15 and diameter-dependent 16 growth rates have been observed, although in all cases the rates have been slower than 1-2 µm/min. 17 These reported rates make the VLS-based growth of millimeter length SiNWs a significant challenge. We note that much larger micrometer-scale diameter Si whiskers have exhibited growth rates reaching ∼1 µm/sec, 18 which would facilitate growth of millimeter length structures.
To investigate nanocluster-catalyzed VLS synthesis of millimeter-long single-crystal SiNWs, we have considered whether the overall growth rate could be increased by accelerating the rate-limiting step in the process. 15, 16, 19, 20 The overall growth process can be broken down into contributions from (i) catalytic adsorption of gaseous reactants at the surface of liquid nanoparticles, (ii) diffusion of Si through the liquid alloy to a sink, and (iii) crystallization at liquid-solid interface.
2, 16, 19, 21 The critical importance of steps (i) and/or (iii) in limiting growth rate has been discussed. 15, 16, 19, 20 Our previous studies have shown that singlecrystal SiNWs synthesized via gold nanocluster-catalyzed VLS growth proceeds with growth rates of approximately 1 µm/min using silane (SiH 4 ) as gas-phase recactant. 17, 22 The strong temperature dependence of the SiNW growth rate under optimized conditions suggests that SiH 4 decomposition kinetics are more important than the gas-phase mass transport 23 and thus that acceleration of the decomposition step might enhance the observed growth rate. Here, we explore SiNW growth using disilane (Si 2 H 6 ) since Si 2 H 6 is expected to have a higher catalytic decomposition rate due to lower activation energy for cleavage of Si-Si versus Si-H bonds. 24 SiNWs were synthesized at 390-410°C using gold nanoclusters as catalysts and Si 2 H 6 (3 sccm) as reactant source 25 with other procedures similar to our previous reports for SiH 4 -based SiNW growth. 4, 17, 22, 26 Scanning electron microscopy (SEM) images of the growth wafer (Figure 1a) show the presence of very long nanowires with varying degrees of entanglement. The long SiNWs were transferred to clean substrates via a reported shear contact printing process, 27 which can extend and align the SiNWs for direct and unambiguous length measurements. Analysis of a series of 20 scanning SEM images recorded along the length of a representative ultralong SiNW (Figure 1b) demonstrate several important points. First, the length of the approximately 30 nm diameter nanowire, 2.3 mm, is almost 100 times longer than the SiNWs we typically produce using SiH 4 reactant. The entire SiNW can also be readily visualized in dark-field optical microscopy images as shown in Figure  1c . Second, the NW diameter is very uniform with the starting and end points of approximately 31 and 33 nm, respectively. This uniform diameter indicates (i) that there is little or no homogeneous deposition of Si 2 H 6 on the elongating nanowire during the synthesis 26 and (ii) that Au from the catalyst does not incorporate into or diffuse along the surface to a substantial amount during growth. Third, quantitative analysis of the lengths of ultralong SiNWs produced following 1 h growth yielded an average of 1.8 mm with longest NWs at or exceeding 3.5 mm.
We have compared SiNW growth rates using Si 2 H 6 versus SiH 4 with other conditions fixed except growth temperature in order to probe the origin of the faster growth rates leading to the ultralong SiNWs. Plots of the SiNW length versus growth time with Si 2 H 6 at 400°C, SiH 4 at 400°C, and SiH 4 at 450°C for 30 nm diameter NWs ( Figure 2a) show that the average growth rate for Si 2 H 6 at 400°C is approximately 31 µm/min, which is approximately 130 times higher than that for SiH 4 at the same temperature (0.24 µm/min) and 31 times higher than for SiH 4 at our optimal growth temperature of 450°C (1.0 µm/min). Using the temperature-dependent gas phase decomposition rate data for Si 2 H 6 and SiH 4 , 24 we estimate Si 2 H 6 (400°C):SiH 4 (400 and 450°C) of approximately 170 and 10, respectively. These values are similar to the experimental ratios of growth rates and thus suggest that reactant decomposition kinetics is important in determining the observed SiNW growth rates.
The structural characteristics of the ultralong SiNWs were also investigated by transmission electron microscopy (TEM). Lattice-resolved images of an approximately 18 nm diameter SiNW (Figure 2b) show that the SiNW is a single-crystalline structure despite the fact that growth occurred at rates at least 10 times greater than previous studies. 4, [15] [16] [17] 19, 22 The TEM image and two-dimensional Fourier transform analysis (Supporting Information, Figure S1a) Figure S1b ) all showed singlecrystalline structures with a growth axis of 〈110〉 independent of diameter, where 13/18 of the sampled SiNWs had diameters between 29 to 80 nm. Interestingly, the diameterindependent growth direction observed for the ultralong SiNWs contrasts previous studies where a cross-over to 〈111〉 direction at approximately 20 nm was observed. 4, 5, 22 Previously, Schmidt et al. 5 proposed a model based on the free energy, which is influenced by the interplay of the liquid-solid interfacial tension with Si surface edge tension, to explain consistently diameter dependent growth in SiNWs. Within the context of this model, a larger critical cross-over diameter from 〈110〉 to 〈111〉 would be observed for an interfacial thickness that increased with crystallization rate. We speculate that the faster growth rates used to achieve the ultralong SiNWs might lead to an increase of the interfacial thickness parameter, although future studies of critical diameter versus growth rate will be required to clarify this point. Regardless of the detailed origin, we believe these observations suggest that it will be interesting to explore and possibly exploit kinetic effects as a means to controlling growth directions for NWs produced by the nanoclustercatalyzed VLS process.
The ultralong SiNWs represent potentially attractive building blocks for nanoelectronics because it would be possible to define a large number of devices on a single NW, thus facilitating integration as shown schematically in Figure 3a . In addition, the fabrication and characterization of multiple devices on a single NW could provide important information addressing doping and electronic uniformity of these nanostructures. To address these issues, we have prepared ultralong boron-doped SiNWs, 25 aligned the NWs on substrate by shear contact printing, 27 and defined arrays of FETs by electron beam lithography. 10a,11,26,28 A representative optical image (Figure 3b) highlights the large number of addressable FETs defined on the ultralong SiNWs.
Electrical transport measurements showed that more than 90% devices behaved as good p-type devices. Specifically, source-drain current (I D ) versus source-drain voltage (V D ) curves at small V D were linear, which demonstrates good contacts across the NW. The decrease in I D with increasingly positive V G ( Figure S2 ) also showed that devices were p-type depletion mode FETs. In addition, we have assessed and compared quantitatively key transistor characteristics, including on-state current, I on , peak transconductance, G M , and threshold voltage, V th , as a function of position across the single SiNW array. Notably, the I on (Figure 3c SiNWs are electrically homogeneous and yield device reproducibility higher than achieved from single NW-based FETs. Last, these measurements also suggest that the active boron dopant yielding the p-type behavior must be incorporated in a uniform manner during nanocluster-catalyzed VLS growth.
The ability to define large numbers of functional FETs along single ultralong NWs can open up new opportunities Figure 3b ; scale bar, 100 µm. The red, blue, and green circles highlight regions from which sensing data were recorded. (b) Conductance-versus-time data measured simultaneously from three FET devices from the red, blue, and green regions of the device array. The SiNW FET array was functionalized with mAb for PSA, and the data were recorded by alternating delivery of target solutions (PSA or BSA) and buffer solution where vertical arrows correspond to the delivery of (1) 20 pg/ml PSA, (2) 500 pg/ml PSA, (3) 10 ng/ml PSA, (4) 10 µg/ml BSA, and (5) 20 pg/ml PSA solutions. The functionalization and measurement procedures were the same as reported previously. 13, 17 for integrated nanoelectronics. To demonstrate this concept, we have explored multiplexed protein detection using monoclonal antibody (mAb) functionalized SiNW FETs ( Figure  4a) . In previous studies, 13 we have demonstrated multiplexed detection using mAb functionalized devices, but in this case, each device was from an individual SiNW thus necessitating well-defined assembly to achieve the FET array. Demonstration of multiplexed measurements from independently addressable FETs defined on a single ultralong SiNW has not been previously achieved using either nanowires or carbon nanotubes. However, this approach could have substantial impact on the biosensor area 10a,13 because it (i) simplifies fabrication of multiplexed sensor device arrays and, given the greater device homogeneity for FETs defined on a single ultralong SiNW, (ii) opens up the opportunity to assess sensing reproducibility in device arrays where device-todevice variability should not be the dominating factor.
Conductance versus time data recorded from three distinct FETs defined on the single ultralong SiNW, which was functionalized uniformly with the mAb for prostate specific antigen (PSA), showed several key features. First, the devices exhibited well-defined and reversible conductance increases associated with the binding and unbinding of the specific target PSA. Second, the conductance change was proportional to the PSA concentration, as expected for equilibrium binding response. Third, the concentration-dependent conductance change recorded in the distinct FET elements, which were separated by >100 µm, was similar and testifies to the electronic uniformity of the ultralong SiNWs and the uniform mAb functionalization. Fourth, we note that addition bovine serum albumin at 1000 times higher concentration showed no response, demonstrating good selectivity. 13 Last, the reproducible conductance change from each of the addressable devices is consistent with the homogeneous device characteristics demonstrated in Figure 3 . While the present measurements represent a relatively simple demonstration of multiplex protein detection, they do demonstrate a new approach for multiplexing that could be extended in the future to include parallel, real-time measurements from a larger number of devices functionalized with diverse mAb receptors.
In summary, we have demonstrated the nanoclustercatalyzed growth of millimeter-long and highly uniform single-crystalline SiNWs with aspect ratios up to approximately 100 000. The average SiNW growth rates using Si 2 H 6 reactant were 30-130 times faster than previous rates observed using SiH 4 reactant under similar growth conditions. TEM studies showed that the ultralong SiNWs grow preferentially along the 〈110〉 direction, independent of diameter, and suggest that kinetic effects may be used as a means for controlling growth directions in NWs produced by the nanocluster-catalyzed VLS process. In addition, ultralong SiNWs were used as building blocks to fabricate one-dimensional FET arrays that exhibit high-degree of device uniformity over millimeter dimensions and testify to the electrical/doping homogeneity of SiNWs produced by nanocluster-catalyzed VLS growth. Lastly, the uniform device properties of one-dimensional FET arrays were exploited to demonstrate a new approach to multiplexed detection of cancer marker proteins with a single nanowire. The synthesis of structurally and electronically uniform ultralong SiNWs may open up new opportunities for integrated nanoelectronics and could serve as unique building blocks linking integrated structures from the nanometer through millimeter length scales.
